Single-and few-layer chromium triiodide (CrI3), which has been intensively investigated as a promising platform for two-dimensional magnetism, was usually prepared by mechanical exfoliation. Here, we report on the growth of single-layer CrI3 by molecular beam epitaxy under ultrahigh vacuum. The atomic structures and local density of states have been revealed by scanning tunneling microscopy (STM). Iodine trimers, each of which consists of three I atoms surrounding a three-fold Cr honeycomb center, have been identified as the basic units of the topmost I layer. Different superstructures of single-layer CrI3 with characteristic periodicity around 2-4 nm were obtained on Au(111), but only pristine structure was observed on graphite.
High-quality 2D materials with reduced structural defects can be prepared by mechanical exfoliation, but the size is usually limited in the micrometer range. Chemical vapor deposition has also been used for the growth of single-crystalline nanoplates of various layered magnetic materials. 22 As a matured film growth technique, molecular beam epitaxy (MBE) has been widely used in fundamental research and industry for preparing high-quality films and heterostructures with atomic-level structural controllability. By combining scanning tunneling microscopy (STM), local structural and magnetic properties of MBE-prepared 2D magnetic materials can be in-situ investigated at the atomic level. 23, 24 Here, we investigate single-layer
CrI3 on Au(111) and graphite substrates grown by MBE under ultrahigh vacuum. The surface structures of epitaxial CrI3 have been revealed with atomic resolution for the first time by STM.
According to our STM images and DFT calculations, we found that the distribution of the unoccupied states near the Fermi energy at the single-layer CrI3 surface is concentrated upon the three-fold Cr honeycomb centers, while the occupied states are mainly located upon the Cr-Cr bridge sites. In addition, we have also successfully prepared single-layer chromium diiodide (CrI2) after partially removing iodine from CrI3 at elevated temperatures. Figure 1a shows the large-scale STM image of single-layer CrI3 on the Au(111) surface with sub-monolayer coverage. The size of the CrI3 islands, which are initially nucleated at the step edges of the Au(111) surface, is in the range of several tens nm up to 100 nm with an irregular or proximately round shape. At sub-monolayer coverage, the areas without CrI3 are covered with a layer of iodine. Samples with a complete CrI3 monolayer were also prepared ( Figure S1 ). X-ray photoelectron spectroscopy (XPS) measurement on the sample with monolayer coverage indicates a Cr: I ratio close to 1: 4.4 (Table S1 ), implying the existence of an iodine buffer layer between CrI3 and Au(111). The apparent height of the single-layer CrI3 islands is about 6.8 Å (see inset of Figure 1a ), consistent with the thickness of the samples prepared by mechanical exfoliation (7 Å). 7 In the zoom-in image (Figure 1b ), a superstructure of hexagonal lattice appears with a height oscillation about 30 pm, superposing on the periodic atomic structure of CrI3. Figure 1c is the Fourier transform image of Figure 1b , containing three sets of hexagonal patterns. The spots marked by yellow, red and white circles correspond to the approximately closed-packed iodine atoms of the topmost layer, the Bravais lattice of CrI3 and the superstructure, respectively. The superstructure exhibits a periodicity of 2.93 nm, 4.26 times larger than the CrI3 lattice constant (6.867 Å), 25 . It was observed that in some islands more than one domain of such "dot" superstructure exist with domain boundaries in between. As shown in Figure 1d Besides the dominant dot phase described above, minor superstructures of single-layer CrI3 have been also observed on Au(111). As shown in Figure 2a , three different phases coexist: the dot phase, the stripe phase and the pristine phase. Note that all of them appear with the feature of I trimers. Figure We have also found that further treating the samples at elevated temperatures (> 423 K) can result in the partial decomposition of CrI3, forming single-layer chromium diiodide (CrI2)
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consequently. Single-layer CrI2 has been previously predicted to be a likely AFM order and Type-II Dirac cone. 4 Figure 3 shows the STM images measured on the sample after further annealing at 423 K for 30 min. A zigzag phase coexists with the dot phase in Figure 3a . It should be noted that such zigzag phase can also be obtained by growing the sample at higher temperatures (450 K) (see Supplementary Figure S3 ). The apparent height of the zigzag phase is 0.34 Å smaller than that of the dot phase (inset of Figure 3a ). Figure 3b and 26, 27 The reduced thickness compared with CrI3 also imply the formation of single-layer CrI2 (interlayer distance, 6.77 Å). 26, 27 Figure 3c shows the atomic-resolution STM image of single-layer CrI2, from which one can find that the topmost atoms in two symmetric directions is arranged uniformly, while the atomic arrangement in the third symmetric direction is wavy. This implies that the zigzag superstructure may originate from the mismatch of the CrI2 lattice with the underlying Au(111) surface. If we further anneal the sample to 456 K, CrI3 will be completely converted into CrI2. Annealing to 482 K, chromium iodide films will be finally decomposed and only ordered iodine adlayer and disordered clusters (probably residual Cr) are left on the surface. The iodine adlayer exhibits a periodicity of 5 Å, which is the same as the iodine-adsorbed Au(111) surfaces reported previously. 28 Similar growth procedure has been done on graphite substrates to obtain single-layer of both CrI2 and CrI3 (see experimental details). Figure 4a shows the large-scale STM image of
single-layer CrI2 islands on graphite. The islands are strip-shaped with an apparent height of 7.5 Å (sample bias, 3.3 V) ( Figure S4 ). The atomic-resolution STM image of single-layer CrI2 on graphite is shown in Figure 4b . Different from the zigzag phase of CrI2 on Au(111), an apparent (1×6) stripe superstructure was observed, superposing the hexagonal atomic lattice with a lattice constant of 3.98 Å, consistent with the intralayer lattice constant of bulk CrI2. 26, 27 Due to the inertness of graphite surfaces, it is difficult to obtain an excessive iodine environment, which is important for growing CrI3 and avoiding the formation of CrI2. Therefore, a two-step procedure,
i.e., low-temperature codeposition followed by annealing at elevated temperatures, is used to obtain CrI3 on graphite (see experimental details). CrI3 islands with fractal shape are shown in Figure 4c . Increasing I and Cr deposition results in larger domain size ( Figure S5 ). The measured height of the islands is about 7.9 Å (sample bias, 4 V) ( Figure S4 ), which is slightly larger than that of the CrI3 islands (6.8 Å) on Au(111), probably due to the higher density of states (DOS) on Au(111) surfaces. Similar feature of I trimers with lattice constant of 6.84 Å was also observed, as shown in Figure 4d . Detailed structural parameters were listed in Supplementary Table S2 . In comparison to the case of Au(111), there is only the pristine structure of CrI3 without any superstructures. Figure 5c ), appearing with dark triangular holes (marked by black triangles). Such bias-dependent contrast difference was observed repeatedly when switching the bias between 1 and −1 V during tip scanning (Figure 5e and Figure S6 ), implying that it is not related to the accidental change of the tip electronic states.
Importantly, our simulated STM images for both positive and negative biases well resemble the experiment (Figure 5b and 5d ). Our results indicate that the distribution of the unoccupied states at the surface of single-layer CrI3 is concentrated upon the Cr honeycomb centers, while the DFT calculations have been conducted to investigate the hybridization between Cr and I atoms and the states near the Fermi level, which substantially helps for further understanding the magnetic coupling mechanism of single-layer CrI3. Figure 6a shows a perspective view of the atomic differential charge density of monolayer CrI3 in the FM order, in which pink and green isosurface contours correspond to the electron accumulation and reduction, respectively. Here,
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we define the Cr-I bond direction as the x and y axis while the direction perpendicular to the Cr-I plane as the z axis (black arrows in Figure 6a ). We found that significant charge transfer occurs onto Au(111) substrates which were kept at 450 K. In the case of HOPG substrates, due to the relatively low sticking coefficient for iodine at elevated temperatures, a two-step procedure was adopted: codeposition of chromium and iodine at room temperature for 40 min followed by annealing to 463 K. In order to compensate the desorption of iodine from the HOPG surfaces, the iodine source was kept running during the whole annealing process. CrI2 films were grown by codeposition of chromium and iodine for 60 min onto the HOPG substrates which were kept at 463 K. The samples were transferred into the analysis chamber for STM measurement. All STM experiments were performed with constant current mode at 77 K using a chemically etched tungsten tip. CrI3 on Au(111) with monolayer coverage produced on the STM preparation chamber was directly transferred within 2 minutes into the Thermo Fisher XPS with a UHV 14 / 18 load-lock and immediately pumped. All spectra were measured in the multi-chamber UHV system equipped with a monochromatic Al Kα X-ray source (1486.6eV).
Calculation details
Our density functional theory calculations were performed using the generalized gradient approximation and the projector augmented wave method 30 as implemented in the Vienna ab-initio simulation package (VASP). 31 A uniform15151 Monkhorst-Pack k mesh was adopted for integration over the first Brillouin zone. A plane-wave kinetic energy cutoff of 700 eV was used during structural relaxations. A sufficiently large distance of c > 20 Å along the out-of-plane direction of CrI3 was adopted to eliminate interactions among image layers. Dispersion correction was made at the van der Waals density functional (vdW-DF) level, [32] [33] [34] with the optB86b functional for the exchange potential, which was proved to be accurate in describing the structural properties of layered materials. [35] [36] [37] [38] [39] [40] During structural relaxation, all atoms and the shape of the supercell were allowed to relax until the residual force per atom was less than 0.01 eV/Å. On-site Coulomb interaction to the Cr d orbitals was self-consistently calculated based on a linear-response method, 41 which gives U = 3.9 eV and J = 1.1 eV, as adopted in a previous calculation. 42
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